The angle-of-attack parameter has a significant influence on the aerodynamics and resulting flight dynamics of aircraft. Flight at high angle-of-attack conditions enables many missions; however, the flight dynamics are challenging to model. This paper investigates the flight dynamics for a small UAV that is piloted in open air at high angle-of-attack conditions. Models are estimated from the flight data to indicate some characteristics of the flight dynamics. The lateral dynamics are linear while the longitudinal dynamics and directional dynamics exhibit nonlinearities and high-order terms. Additionally, the magnitude and energy of wing rock is determined for the lateral dynamics. = yaw rate at time k δ a (k) = aileron deflection at time k δ e (k) = elevator deflection at time k δ r (k) = rudder deflection at time k
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I. Introduction
Many aspects of mission performance are dramatically impacted by the angle-of-attack conditions at which an aircraft can operate. In particular, high angle-of-attack conditions are desired in which the aircraft operates beyond wing stall. Such conditions include straight-and-level flight at constant altitude; however, some loss of altitude is also common for various platforms and angle-of-attack conditions.
The issue of airspeed resulting from high angle-of-attack conditions is a primary benefit; specifically, the airspeed can be significantly reduced by operating at high angle-of-attack conditions. Urban operations are especially impacted by airspeed. Such low airspeed can enable sensing missions that want exposure to targets which are in close proximity and thus quickly leave the field of view. The low airspeed coupled with a steep descent can enable manuevers such as perching, sensor placement, or landing in confined areas without sacrificing ingress and egress speed. High angle-of-attack flight could also provide greater obstacle avoidance capabilities when flying in urban terrain since the turning radius in high angle-of-attack flight is greatly reduced as compared to that of conventional forward flight. Sensing capabilities could also be enhanced through the use of sensor pointing without the complexity and weight of morphing aircraft or gimbaled sensors.
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A variety of studies have considered the flight dynamics at high angle-of-attack conditions. A modified F/A-18 initiated the study of thrust vectoring to achieve extreme conditions. 3, 4 A novel configuration for the X-29 used forward-swept wings and a canard to demonstrate flight at these conditions. 5 In each case, the flight dynamics were found to be challenging to model because of the influence of aerodynamics. Additional issues, such as wing rock, were also noted in varying levels at virtually all angle-of-attack conditions in the post-stall regime. Small UAVs are rapidly maturing in flight capability for a variety of missions including urban operations. As such, the ability to operate at high angle-of-attack conditions is a critical requirement for these platforms. Such capability is usually achieved because of the combination of thrust generation and control surfaces. These aircraft often utilize front-mounted propellers and tractor propulsion that produces airflow over the wings and tail. The large control surfaces, which may be 50% of the tail area and may deflect 45 o , are thus able to use this propwash to maintain control authority.
The flight dynamics associated with small UAVs are receiving significant attention in the community as a result of their mission potential. Several small, man-portable vehicles feature a deep-stall short landing mode in which the elevator deflects and the power is reduced while the aircraft steeply descends in a near-level attitude until it impacts the ground. 6, 7 The flight dynamics have been studied in hovering modes to enable autonomous control.
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This paper investigates the flight dynamics of a small UAV during piloted flight. An avionics suite records 3-axis measurements along with servo commands. The resulting data is used to estimate models of the flight dynamics. These models indicate the lateral dynamics are relatively standard and dominated by a roll convergence; however, the longitudinal dynamics and directional dynamics require nonlinear terms and lag delays. Additionally, the wing rock affecting this high angle-of-attack condition is noted and evaluated.
II. Experimental Testbed
A. Aircraft
The flight dynamics of the Mini ShowTime are modeled in a high angle-of-attack condition. This electricpowered aircraft, shown in Figure 1 , is a commercially-available off-the-shelf platform that is commonly used by the remote-control (RC) community. This aircraft is constructed from a lightweight balsa wood structure that allows the wingspan to be large in comparison with the vehicle weight. The specific platform to be modeled had a weight approximately 820 g along with the characteristics given in Table 1 .
This aircraft is used in the community for aerobatics because of its excellent agility and outstanding characteristics at high angle-of-attack conditions. In particular, the aircraft is highly controllable at high angle-of-attack conditions as a result of low wing-loading and high thrust-to-weight ratio along with large control surfaces. These characteristics enable a pilot to maintain orientations within reasonable limits for extended durations.
Several elements can influence the flight dynamics at high angle-of-attack conditions. The propeller introduces some amount of torque and p-factor. The fuselage, wings, and landing gear disrupt the airflow which impinges on the tail section. 
B. Avionics
An avionics suite is integrated into the aircraft. This suite augments the baseline configuration with sensors and actuators that are particularly appropriate for high angle-of-attack testing. Data describing the flight is obtained using the set of instruments shown in Figure 2 . A pair of sensor packages result from an inertial measurement unit (IMU) and global positioning system (GPS). The IMU, which is a MEMSense nIMU, is a MEMS-based unit with temperature compensation and digital I2C output of 3-axis accelerations, angular rates, and magnetic flux. The GPS, which is an Eagle Tree Expander Module, notes location, groundspeed, course, and UTC timestamp at rate of 5 Hz. An additional flight data recorder (FDR), which is the Eagle Tree Systems FDR Pro, logs the sensor outputs along with barometric altitude and servo commands. This system is able to obtain more than 15 minutes of data at a rate of 25 Hz. These sensors are relatively small, as noted in Table 2 , and fit easily within the aircraft. The IMU is mounted on a specially-installed shelf within the fuselage to lie very close to the center of gravity. The GPS and FDR are installed under the canopy. In each case, the weight is nearly negligible on the flight dynamics.
Unit
Size ( These avionics have been demonstrated as highly accurate when compared to high-quality avionics. When compared to a high-quality IMU with laser-ring gyros, the nIMU exhibited measurements that yielded attitude and velocity estimates within standard deviations of approximately 0.2
• on all axes except heading, which exhibited a standard deviation of 0.35
• . 11 The manufacturer specifications are given in Table 3 
III. Flight Testing
Open-loop flight testing was performed to collect data during high angle-of-attack flight, both in a steady trim condition and while executing doublet maneuvers. Only straight passes were used for data collection, as turning high angle-of-attack flight was not the interest of this study. The passes for data collection were approximately 100 m in length. This length was constrained due to the visual acuity of the pilot and the ability to perform small corrections to maintain the high angle-of-attack flight condition. All flights were performed in a clear field with no obstructions to flight and no turbulence-creating terrain. All flights were performed on a single day with little to no wind at surface level. Any flight maneuvers that were visibly affected by an external disturbance or pilot error were repeated. The altitude for the data collection passes was approximately 30 m. Each flight was limited to no more than 10 minutes in length due to both the onboard battery supply and the available memory of the FDR. The pilot attempted to perform all maneuvers at an angle-of-attack of approximately 45
• while maintaining level horizontal flight with as few control inputs as possible to maintain such a flight condition. The Mini ShowTime in high angle-of-attack flight is shown in Figure 3 . Each flight began by taking off and establishing the aircraft in high angle-of-attack flight. A complete pass at high angle-of-attack was first performed to establish the trim position for all control surfaces. Each subsequent pass then included three distinct actions: establishing the high angle-of-attack trim condition at the desired heading, performing a doublet maneuver with a control surface, and reestablishing the trim condition for the remainder of the pass length. Each flight involved at least three doublets of varying sizes by a single control surface as well as the corresponding steady high angle-of-attack segments. An assistant with a stopwatch recorded the times at which each pass began and ended, as well as when doublets were performed. After each flight, the data from the FDR was downloaded to a computer and the FDR's buffer was cleared.
IV. System Identification
A. Procedure
Ordinary least squares regression is a common and effective method of fitting data. It is particularly useful for modeling an overdetermined system with measurements that contain random errors. Residuals are the differences between the measured and estimated values at each data point, and the least squares method determines the model which minimizes the sum of the squared residuals. The least squares equations can be represented with a single matrix equation, which is shown in Equation 1. The solution of the unknown coefficients is then calculated with Equation 2.
Least squares models are created for roll, pitch, and yaw rates, in which the regressors are based on direct measurements of angular rates and control input commands. The complete models also include nonlinear quadratic, cubic, and quartic terms in both angular rates and control inputs. The models are based solely on direct measurements from the onboard avionics, as a post-processing INS solution was not available at the time of this research. Knowledge of aircraft attitude and angles-of-attack and -sideslip could be incorporated into system identification models when they are available.
Each regressor in the least squares models is an average of three data points in order to provide low pass filtering within the model. A lag of approximately 160 ms is added into the control input regressor terms to compensate for the speed of the servos. This lag is introduced by making the control input regressor terms functions of control inputs from several prior sampling periods and not the most recent control inputs. A constant regressor is included in each model to account for bias in the data. Each control surface position is measured during the trimmed high angle-of-attack flight before and after each doublet maneuver. These trim positions are not necessarily the trim positions in the normal flight regime, particularly for elevator. The control input data is shifted such that the trim positions for each control surface correspond to zero in order to remove any unintended effect due to the large deflections at trim. All control inputs are in units of percent of maximum deflection and angular rates are in units of deg/s. Other units can be used with this system identification method, but would result in different regressor coefficients.
High angle-of-attack flight is especially vulnerable to uncommanded motions, either momentary disturbances or underdamped oscillatory motion. The models are fit to data obtained during doublet maneuvers, and only short periods of time before and after each doublet are included in order to minimize the influence of uncommanded motions. The data from several doublets on each axis was concatenated such that each model is based on several doublet maneuvers to reduce the impact of remaining uncommanded motions and create a more robust model.
A reduced model can be created by removing one or more regressors from the complete model. Removing regressors whose associated numerical values are small or have large errors will result in higher accuracy for the estimates of the retained regressors.
12 This is accomplished through backward elimination, in which erroneous or insignificantly small individual components in each complete model are removed iteratively. At each iteration the model is used to simulate the output with the same inputs as the model is based upon. The contribution of each regressor term is plotted to identify insignificant or erroneous contributions which can then be removed. If the removal of a particular regressor term reduces the accuracy of the model in predicting the doublet responses, the term is retained. The final reduced models are presented in the following sections.
B. Longitudinal
A model of the longitudinal dynamics is generated to relate the pitch rate to the elevator commands. Such a model is estimated to relate a set of doublet commands to the elevator and the resulting pitch rate. The measurements of pitch rate and the simulated values from the model are shown in Figure 4 along with the doublets. The model with simulated response in Figure 4 is given in Equation 3 as a discrete-time equation. This model depends upon a linear combination of lagged values for elevator angle corresponding to 5 and 7 previous time steps. The current value of pitch rate also depends upon lagged values of pitch rate corresponding to average values from 2, 4 and 6 previous time steps.
The contributions of each term from Equation 3 to the response in Figure 4 is shown in Figure 5 . The largest contribution resulted from a negative pitch rate at time of k resulting from a positive elevator deflection at time of k − 5; however, some higher-order dynamics is also present because of the need to also retain a contribution from the elevator deflection at time of k − 7. The state dynamics are evidenced by the contributions from several lagged values of pitch rate. A positive pitch rate at time of k − 2 generates a positive contribution to current pitch rate while a positive pitch rate at either time of k − 4 or k − 6 actually generates a negative contribution to pitch rate. Such disparity is partly due to out-of-phase states from a short-period mode although the dynamics at high angle-of-attack do not necessarily have traditional modes. The model provides reasonable accuracy in reproducing the pitch rate as shown in Figure 4 ; however, these longitudinal dynamics are expectedly difficult to model at high angle-of-attack conditions. Certainly the aerodynamics are not necessarily linear nor finite-dimensional functions of flight condition. Also, the lack of angle-of-attack measurements does not necessarily limit the fidelity, given that a transfer function always exists between an input and an output, but the lack almost certainly limits the interpretation of the resulting model.
C. Lateral
A set of data relating to the lateral dynamics is generated from the doublets and resulting roll rate shown in Figure 6 . The doublets and resulting roll rates actually vary by roughly a factor of 2 between the first and third command so a rich set of data is available for the model. The model that simulated the roll rate in response to the doublets in Figure 6 is given in Equation 4 . This model simply generates the roll rate at time of k from a bias term along with affine and quadratic terms associated with average aileron angle at times of k − 5.
This model indicates the lateral dynamics are dominated by a traditional mode of roll convergence. The response is nearly linear in aileron angle, as shown in Figure 7 , since the nonlinear contribution is negligible. Such a result is somewhat logical given that any effects of high angle-of-attack conditions would influence the aerodynamics of longitudinal motion much more than the lateral motion. 
D. Directional
A pair of rudder doublets and associated yaw rates are used to obtain an estimate of the directional dynamics. These doublets along with the yaw rates, both measured and simulated, are shown in Figure 8 . The model given in Equation 5 generated the simulated values of yaw rate in response to the doublets in Figure 8 . This model requires more terms to describe the dynamics than either the longitudinal model or lateral model. Essentially, the directional dynamics are estimated as being a nonlinear function of both the rudder and the aileron along with being a nonlinear function of the roll rate.
The contributions from each term in Equation 5 to the simulated response in Figure 8 are shown in Figure 9 . The response is dominated by the contributions from the rudder with the linear term providing the significant portion. The directional dynamics are challenging to model as evidenced by the inconsistent quality of the fit in Figure 8 despite the nonlinear terms in Equation 5 . The nature of the linear contributions is not consistent given that a positive rudder generates negative yaw rate and a positive aileron generates negative yaw rate as adverse yaw but a positive roll rate generates a positive yaw rate to imply some proverse yaw. 13 Even the nonlinearities are inconsistent since any rudder generates a small positive contribution to yaw rate while any aileron or roll rate generates a small negative contribution to yaw rate.
The issue of flight testing must be considered when trying to evaluate the quality of the model and any associated inconsistencies. In particular, the influence of gusts can be extreme on the directional dynamics when flying at high angle-of-attack conditions but of course any gust excitation is not properly represented in the model.
V. Steady-State Flight
A. Longitudinal
Flight data associated with steady-state high angle-of-attack flight is shown in Figure 10 for the elevator commands and associated values of pitch rate. In this case, the elevator commands in Figure 10 are a factor of 5 less than the elevator commands in Figure 4 to indicate the pilot is merely moving the control surfaces to maintain flight condition and thus not introducing significant energy. The contribution to pitch rate that is not predicted by the model in Equation 3 is shown in Figure 11 . Clearly the model is not able to reproduce the complete response indicating the elevator is not able to account for the entirety of the measured pitch rate. This uncommanded estimate of pitch rate from Figure 11 is represented in the frequency domain in Figure 12 from a Fourier transform. The energy is concentrated across low frequencies but a pair of modes, around 3 rad/s and 6 rad/s, is clearly evident. These modes may correlate to a short-period mode; however, they are more likely associated with some unmodeled dynamic of the high angle-of-attack condition. 
B. Lateral
The roll rate measured during steady-state high angle-of-attack flight is shown in Figure 13 along with associated aileron commands. The deflections of the aileron are nearly an order of magnitude less than the size of the doublets in Figure 6 to indicate the pilot is providing only minimal excitation. Some unexplained drift to negative deflection is clearly evident in Figure 13 ; however, this drift is extremely low-frequency and thus can be directly eliminated in the analysis. The uncommanded portion of the response, as determined by subtracting the simulated response to the aileron from the measured response, is shown in Figure 14 . This portion is quite large in magnitude and actually appears quite periodic.
The periodicity noted in Figure 14 is quantified by a Fourier transform on that data to obtain the frequency-domain representation in Figure 15 . The frequency-domain representation of the measured roll rate and the uncommanded roll rate are shown along with the aileron command. The roll rate and the aileron show a peak at 2.2 rad/s indicating the pilot is actively controlling some dynamics that is affecting the maintainence of steady-state flight; however, only the roll rate shows a peak at 3.65 rad/s. The large amount of energy at this frequency is indicative of a significant level of wing rock at high angle-of-attack conditions for this aircraft. 
C. Directional
The steady-state characteristics of the directional dynamics is investigated using the data in Figure 16 . This data consists of small rudder commands to maintain the flight condition and the associated yaw rates which were measured and simulated from the model in Equation 5. The amount of yaw rate which can not be predicted by the model is given in Figure 17 . The yaw rate also has some clear periodicity and a substantial magnitude indicating some element of steady-state flight is not captured by the model generated from doublets. The frequency-domain representation of the yaw rate, both measured and uncommanded, along with rudder commands indicates the periodicity. This data, as shown in Figure 18 , has a noticeable mode near 2.2 rad/s. Both the rudder and the yaw rate contain this mode, as did the aileron and the roll rate, which may mean it correlates to a dutch roll that the pilot is attempting to damp out and maintain condition. 
VI. Conclusion
The flight dynamics at high angle-of-attack conditions are challenging to model. An extensive set of data from a remote-controlled Mini Showtime aircraft is analyzed in response to both commanded doublets and steady-state flight. The responses to doublets demonstrate that the lateral dynamics are relatively straightforward to model while the longitudinal dynamics and directional dynamics need nonlinearities and numerous states along with lags to properly represent the flight characteristics. The responses at steadystate flight are particularly interesting in that the roll rate indicates a significant contribution from wing rock while both the roll rate and yaw rate have a contribution from a mode that the pilot is attempting to damp. As such, a partial analysis of the behavior at high angle-of-attack conditions is generated that demonstrates phenomena and characteristics that are not as evident at low angle-of-attack conditions.
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